We investigated continuous profiles and within-day variations of some metabolites and hormones in four nonpregnant, nonlactating cows fed hay-based diets in two equal meals. Diets supplied either too much or too little N (approximately 1.3 or .8 times the maintenance requirements) and NE l (approximately 1.2 or .8 times). Continuous collection of ruminal liquor, blood, and urine samples was performed for 42 consecutive hours, the last 16 h covering a period without feed. For twice-daily feeding, nitrogenous and energetic underfeeding decreased average ruminal propionate and the insulin:growth hormone ratio. However, only the energetic underfeeding increased plasma 3-methylhistidine and urinary excretion of 3-methylhistidine, and decreased body weight and ruminal acetate, butyrate, and total VFA. Conversely, only the nitrogenous underfeeding decreased glycemia. Whatever the dietary level, the 42-h patterns of metabolites and hormones were mainly affected by the time from the last meal. An energy deficit progressively took place during feed deprivation and the nocturnal interprandial period but not during the diurnal interprandial period. During the feed deprivation and nocturnal periods, glycemia was maintained despite a shortage in ruminal propionate. We conclude that in twice-daily fed cattle 1 ) the dietary supply of energy is the main trigger for an energy deficit and the subsequent muscle protein mobilization; 2 ) the nocturnal interprandial period may be considered as short-term feed deprivation; 3 ) the diurnal patterns of metabolites and hormones are not affected by the nitrogenous and(or) energetic supplies of the diet.
Introduction
In cattle, metabolite and hormone concentrations generally follow a circadian rhythm, especially related to feed intake (Van Eenaeme et al., 1990; Clement et al., 1991) . However, data describing 24-h patterns of plasma amino acids ( AA) and growth hormone ( GH) (McAtee and Trenkle, 1971a; De Boer et al., 1985) are not consistent. This may result from considerable within-day variations, which are not fully detected with infrequent collection (once or twice per hour) of blood (Trenkle, 1978; . Moreover, nocturnal patterns of circulating metabolites and hormones have not been well documented in fed nonpregnant, nonlactating cows .
Although significant feed deprivation-induced changes in ruminal VFA (Bergman, 1990) , and plasma AA , insulin (McAtee and Trenkle, 1971b) , glucose, and GH (Rule et al., 1985; Mackenzie et al., 1988) concentrations have been reported in cattle, little is known about the influence of dietary N and(or) NE l ingested before feed deprivation on this phenomenon (Ndibualonji, 1995) .
Therefore, we have studied the effect of plane of nutrition on mean daily levels and on continuous profiles of some metabolites and hormones in nonpregnant, nonlactating cows during twice-daily feeding and short-term feed deprivation. b Concentrate diets with 12 and 18% of crude protein content, respectively, and composed of dried beet pulp ( 0 and 34%, respectively), barley straw (40 and 10%), maize starch (38 and 10%), middings (10 and 10%), soybean meal ( 4 and 15.5%), linseed meal ( 3 and 15.5%), molasses ( 4 and 4%), and mineral mixture ( 1 and 1%).
c Concentrate diet composed of dried beet pulps (59%), maize starch (20%), barley straw (20%), and 1% mineral mixture. 
Materials and Methods
The experimental design is given in Figure 1 . We used four Friesian nonpregnant, nonlactating cows, 47.0 ± 6.3 mo old and weighing 515.6 ± 7.6 kg at the beginning of the experiment. All cows were kept in individual metabolism stalls in a continuously lighted room with temperatures ranging from 21 to 24°C and fed equal amounts at 0615 and 1530 daily. Four diets, differing in intestinally digestible proteins ( PDI) (Vérité et al., 1979) and NE l (Buysse et al., 1977) , were fed to cows randomly assigned to a classical Latin-square design (Figure 1 ). The diets provided either lower ( L, .84 and .85×) or higher ( H, 1.31 and 1.37×) amounts of PDI ( N) and(or) either lower (L, .80 and .74×) or higher (1.19 and 1.22) NE l ( E) than the amounts theoretically required (INRA, 1988) ; the four diets were LN-LE, LN-HE, HN-LE, and HN-HE (Table 1) . The diets were composed of meadow hay, a concentrate supplement, and, when needed, dried beet pulp. Cows had unrestricted access to water throughout the experiment.
Three months before the beginning of the sampling procedures, all cows were surgically fistulated, under general anaesthesia, with a permanent dorsal ruminal cannula and, for other experimental purposes Dehareng et al., 1996) , with a single T-shaped duodenal cannula. The experimental period was from October (autumn) to March (winter), for 172 consecutive days (Figure 1) . Each of the four experimental periods lasted for 43 d; all cows were fed the HN-HE diet for the first 15 d before receiving the experimental diet for the last 28 d, with 21 d for adjustment to the respective diet and 7 d for sample collection (Figure 1 ). During the last 7-d period, a 5-d quantitative collection of urine and feces was performed to estimate the daily NE l supplies (Dehareng and Godeau, 1991) , followed by recording of feeding behavior, and continuous collection of ruminal liquor, blood, and urine samples for the last 42 consecutive hours. Ruminal liquor for VFA (acetate, butyrate, propionate, and total VFA) determination was continuously collected at 20-min intervals by an automated sampling technique (Dehareng et al., 1996) . Jugular venous blood was continuously withdrawn (10-min fraction) for amino acids ( AA) ( . Urine samples (2-h fraction) were collected through a permanent bladder probe for the determination of the amount of excreted MeHis ( Ur MeHis) . Feeding behavior was recorded according to the procedure of Dehareng and Godeau (1991) . An aliquot of each collected plasma fraction was deproteinized for AA determination by addition of 5% (vol/vol) trichloracetic acid before being centrifuged (14,000 g, 30 min). Whole and deproteinized plasma samples were frozen ( −20°C ) until further laboratory analysis.
Theoretical requirements of the animals and the PDI supplies relative to each diet were estimated from alimentary tables (INRA, 1988) . Feed, feces, and urine were analyzed with the following methods: DM (drying) and OM (ashing) according to the methods previously described by Ndibualonji et al. (1995) ; total N with the Kjeldahl method; and gross energy with direct calorimetry (ballistic bomb-calorimeter). Insulin ( Ins) and GH were determined in 20-min pooled plasma samples (two plasma samples/ 20 min), whereas AA and glucose were measured in 1-h pooled samples (six samples/h). Circulating concentrations of insulin and GH were determined with RIA . Intra-and interassay CV for insulin were 4.4 and 6.7%, respectively, and intra-and interassay CV for GH were 5.3 and 7.8%, respectively. Plasma AA concentrations were determined with an HPLC method and glucose with a glucose hexokinase procedure (Schmidt, 1961) . Ruminal VFA concentrations were determined in 2-h pooled samples (three samples/h) with GLC (Van Eenaeme et al., 1965) . The Ur MeHis was determined in successive 2-h fractions by means of HPLC.
The continuous sampling of every biological fluid always started at 1400 on d 26 from the start of each experimental diet feeding, continued for 42 consecutive hours, and ended at 0800 on d 28. The cows were not fed for the last 16 consecutive hours of the sampling period, the last meal being fed at 0615 on d 27. To simplify the results presentation, only the last 40 h of the sampling period were analyzed. Thus, two dietary situations were analyzed: a complete 24-h cycle of twice-daily feeding (from 1600 on d 26 to 1600 on d 27) and a short-term period without feed (from 1600 on d 27 to 0800 on d 28). Feed deprivation was considered to have started at 1600 on d 27 because the cows did not receive their usual afternoon meal at 1530 on d 27.
According to the main objectives of our study, the statistical analysis of the data was divided in two parts: 1 ) the comparison between treatment diets during the twice-daily feeding and 2 ) the comparison between the within-day levels of metabolites and hormones during feeding and feed deprivation periods. For the first part, the data were submitted to a between-subject Latin square model with a factorial arrangement of PDI ( N ) and NE l ( E ) effects, and with animal, period of sampling, N, E, and the N × E interaction as definite sources of variations. The model assumed the absence of carryover effects. This assumption is permitted by the long wash-out and adaptation periods (Figure 1 ). When an interaction between N and E was observed, differences between diets were tested using multiple Scheffe tests (SAS, 1987) . For the within-day fluctuations of metabolite and hormone levels, the 40 consecutive hours were divided into six periods corresponding to different physiologic events (Figure 1 ). With close attention devoted to events occurring during the night, the time course of metabolites and hormones in the fed state was studied with reference to VFA changes in connection with meal intake. Two daily postprandial (post-feeding) and two daily interprandial periods were delimited in each individual profile. In fact, the 6-h periods during which a postprandial increase in ruminal VFA occurred were considered to be postprandial periods (i.e., a postprandial period began with the beginning of a meal and ended 6 h later). The periods linking two successive postprandial periods were considered to be interprandial periods (i.e., an interprandial period began with the end of the preceding postprandial period and ended with the beginning of the following meal). Because we have previously shown (Ndibualonji, 1995) that changes in metabolite and hormone levels occurring during the nocturnal interprandial period were of the same magnitude of those occurring during the first 8 h of feed deprivation, the period without feed was divided into two periods: 1 ) from 1600 (10 h after the last meal) to 2200 and 2 ) from 2200 to 0800. Such a subdivision should allow us to compare the nocturnal interprandial period and the first fasting period. The data were submitted to an univariate repeated measures Latin square model (Jones and Kenward, 1989) , with animal, period of sampling, time of sampling ( T ) , N, E, and the T × N, T × E, and T × N × E interactions as definite sources of variations. To account for the departure of covariance sphericity, the most conservative Greenhouse-Geiser correction factor was used for inference (SAS, 1987) . According to the aim of this last part, only the withinsubject analysis is presented. When the within-day effect was significant, ANOVA of contrast variables (i.e., transformations of the original within-day periods) was performed to compare the within-day periods. For all data, the individual cow was the experimental unit, and significance was declared at P < .10.
Results

Mean Daily Levels of Metabolites and Hormones During Twice-Daily Feeding.
Average daily intake, chemical composition of daily rations, and mean daily supplies related to the four diets are shown in Tables  1 and 2 .
In comparison with the reference diet (HN-HE), changes in metabolite and hormone concentrations were apparent within 26 d after switching to the restricted diets. Because all cows were fed the HN-HE diet for 15 d before onset of dietary treatments ( Figure 1 ) and had similar initial body weights (Table 3) , we assumed that they all had similar initial concentrations of metabolites and hormones. Thus, nitrogenous (LN-HE) and the LN-LE or HN-LE energetic underfeeding induced a decrease in average ruminal propionate ( N effect, E effect, and N × E effect, P < .05) and in Ins:GH ratio ( N effect, E effect, and N × E effect, P < .0001), as well as an increase in plasma His ( E effect, P < .0001 and N × E effect, P < .00001) and Thr ( N effect, P < .00001; E effect, P < .001; and N × E effect, P < .00001; Table 3 ). In addition, nitrogenous restriction (LN-LE and LN-HE) induced a decrease in average plasma glucose ( N effect, P < .01) and an increase in average plasma GH (LN-HE; N effect, P < .01 and N × E effect, P < .05) and Ile ( N effect, P < .01 and N × E effect, P < .01; Table 3 ). Energetic restriction (LN-LE and HN-LE) decreased final body weight ( E effect, P < .05), average ruminal acetate ( E effect, P < .05), butyrate ( E effect, P < .10), and total VFA ( N effect, E effect, and N × E effect, P < .05), and plasma insulin ( E effect, P < .005 and N × E effect, P < .05), and it increased mean plasma Asp ( E effect, P < .01), Pl MeHis ( E effect, P < .0001), and Ur MeHis ( N effect, P < .05 and E effect, P < .00001; Table 3 ). Nitrogenous and energetic underfeeding (LN-LE) also induced a decrease in mean plasma Glu ( N effect, P < .00001; E effect, P < .00001; and N × E effect, P < .05) and Met ( N effect, P < . 001 and N × E effect, P < .01; Table 3 ).
Within-Day Levels of Metabolites and Hormones.
Whatever the nitrogenous and(or) energetic supplies of the diet, a significant time effect ( P < .01) was systematically observed on the 42-h patterns of metabolite and hormone concentrations (Table 4) . However, only a significant effect of the time × N and time × E interactions for Ur MeHis, and plasma Thr, insulin, and GH, and a significant effect of the time × N × E interaction for plasma Thr and TAA were observed (Table 4) .
Compared with the afternoon postprandial period, the morning postprandial period had lower ruminal butyrate and plasma MeHis, Asp, Glu, Met, Thr, and TAA and higher plasma glucose, insulin, GH, and Ur MeHis (Tables 4 and 5) .
Compared with both postprandial periods, the nocturnal interprandial period had lower acetate (only vs the afternoon postprandial period), butyrate, propionate, total VFA, and Ins:GH ratio and higher plasma MeHis, Asp, His, Ile, Met, and TAA, and Ur Table 3 . Mean daily levels of metabolites and hormones, body weight, and effects of nitrogen (N), energy (E) and the nitrogen × energy (N × E) interaction on mean daily levels of metabolites and hormones in nonpregnant, nonlactating cows (n = 4) fed twice daily (0615 and 1530) a,b,c When the effect of the N × E interaction is significant, means within a row lacking a common superscript letter are different ( P < .10). (Tables 4 and 5 ). Only a significant decrease in plasma Thr and a significant increase in Ur MeHis, Pl MeHis, and glycemia were recorded for the diurnal interprandial period (Tables 4 and 5 ). Moreover, as compared with the nocturnal interprandial period, the diurnal period had lower plasma MeHis, His, Ile, Met, Thr, and TAA and higher ruminal acetate, butyrate, propionate, and total VFA and plasma glucose, insulin, GH, and Ins:GH ratio (Tables 4 and 5) . Compared with the afternoon postprandial period (1600 to 2200 on d 26), and except for plasma glucose, insulin, and Thr, the first period of feed deprivation (1600 to 2200 on d 27) induced similar changes as the nocturnal interprandial period, particularly a decrease in ruminal acetate, butyrate, propionate, and total VFA and plasma Glu and Ins:GH ratio, and an increase in Ur MeHis and plasma MeHis, Asp, His, Ile, Met, and TAA (Tables 4 and 5 ).
The largest changes in metabolite and hormone concentrations were recorded during the second period of feed deprivation. Thus, even when compared with the nocturnal interprandial period and the first period of feed deprivation, the second period of feed deprivation was accompanied by a decrease in ruminal acetate, butyrate, propionate, and total VFA and plasma Glu, Thr and Ins:GH ratio and by an increase in Ur MeHis and plasma His, TAA, and GH (Tables 4  and 5 ).
Time Course of Metabolites and Hormones During a 42-h Period. The Ins:GH ratio increased immediately
after the start of feed intake; this increase preceded (by at least 20 min) the initiation of the morning meal. A second peak of the Ins:GH ratio, larger with energy overfeeding and especially with the morning meal, was recorded 3 to 4 h after the first postprandial peak. Finally, whatever the diet, a fall of Ins:GH ratio was observed during the night (from 2400 to 0400) and during the period without feed; the decrease during the period without feed was less marked with LN-HE diet (Figure 2) .
The Pl MeHis concentration transiently decreased following feed intake. Then concentration rose from 1000 and 1700, respectively, after the morning and afternoon meal during underfeeding. This increase started later (1400 and 2000) during overfeeding. During the nocturnal interprandial and feed depriva- (2200−0600) (1200−1600) (1600−2200) (2200−0800) (Figure 3) . The Ur MeHis generally followed the same pattern as Pl MeHis: it tended to decrease after feeding and increase during the night and the period without feed. Moreover, the postprandial decrease was more pronounced after the morning than after the afternoon meal, and during energy overfeeding than during energy underfeeding for the morning meal (Figure 4) .
A slight increase in plasma TAA was measured within 30 and 90 min after feed was offered to cows during energy underfeeding and during energy overfeeding, respectively. Afterward, plasma total AA dropped, but this drop was maintained for a longer time for the afternoon postprandial period in energyoverfed cows. During the night and the feed deprivation period, all diets led to higher plasma TAA concentration. However, plasma TAA tended to decrease at the end of the feed-deprivation period with LN-HE ( Figure 5 ).
Except for LN-LE after the morning meal and HN-HE after the afternoon meal, ruminal acetate concentration tended to decrease within the first 30 min following the beginning of feed intake. Then the concentration tended to increase; this increase was larger after the morning than after the afternoon meal. During the night, ruminal acetate levels declined steadily from 0100 to very low levels before the morning meal, the decrease starting later (0000) during overfeeding than during underfeeding (2200). Similarly, when the cows were deprived of feed, their ruminal acetate concentration declined steadily to the lowest levels 26 h after the beginning of the last meal ( Figure 6 ).
Ruminal propionate followed a similar pattern as ruminal acetate concentration. However, the postprandial increase in ruminal acetate concentration ended earlier after the morning and the afternoon meal in energy-underfed cows (1300 and 1900, respectively) than in energy-overfed cows (1500 and 2100; Figure  7 ).
Discussion
Although it is well established that ruminal microbial proteins represent the largest part of the protein fractions reaching the duodenum, maximum efficiency of microbial protein synthesis can be expected only if nitrogenous and energetic nutrients are provided in required amounts (Smith, 1989) . Thus, limitation of energy and(or) protein intake leads to low microbial growth rates, and reduced rates of fermentation, and a reduced microbial PDI supply to the duodenal (Journet et al., 1983) . Moreover, in wellfed ruminants, acetate, and to a lesser extent butyrate, is the main oxidative fuel, and propionate is the main glucogenic substrate (Bergman, 1990) . Consequently, our underfed cows might have adapted to decreased VFA production and to decreased duodenal supply of microbial proteins by mobilizing their body protein reserves, this phenomenon being promoted by a low Ins:GH ratio (McDowell, 1983; Brockman and Laarveld, 1986 ). Such endocrine changes should allow the cows to compensate for the nitrogenous and(or) energetic deficit via catabolism of the mobilized endogenous AA (e.g., increased plasma His and Thr during underfeeding) and to maintain glycemia levels via gluconeogenesis from some AA (e.g., decrease in the glucogenic AA Glu with LN-LE). A low Ins:GH ratio was also observed in lactating ewes submitted to severe feed deprivation (Gow et al., 1981) and in early lactating cows . In both situations, there would have been a requirement for energy-and glucose-yielding substrates.
Although ruminal propionate concentration decreased in all underfeeding situations ( N effect, E effect, and N × E effect), ruminal acetate, butyrate, and total VFA concentrations decreased only with energetic underfeeding, indicating that the energy deficit was larger in energy-restricted than in nitrogen-restricted cows (when provided sufficient energy). This resulted in larger body protein mobilization during energetic restriction than during nitrogenous restriction, as shown by the significant decrease in circulating insulin concentrations and the significant increase in Pl MeHis and Ur MeHis during energetic underfeeding. In cattle, skeletal muscle constitutes the most important location of body protein reserves (Swick and Benevenga, 1977) and contains more than 93 % of the total body MeHis (Nishizawa et al., 1979) . The MeHis is an AA formed by the post-translational methylation of specific His residues in the myofibrillar proteins actin and myosin. This AA is not reused for protein synthesis and is quantitatively excreted into urine in proportion to the rate of myofibrillar protein degradation, thus providing a noninvasive technique for measuring the rate of myofibrillar protein breakdown in cattle (Nishizawa et al., 1979; Harris and Milne, 1981) . Our results indicate that the dietary level of energy, rather than the dietary level of N, is the main trigger for muscle protein mobilization in nonpregnant, nonlactating cows, and they contrast with the results obtained in sheep by Drouillard et al. (1991) , where body protein mass was conserved in energy-restricted lambs and lost in protein-restricted lambs during 42-d restriction. The significantly decreased final body weight in our energy-deficient cows also supports this proposal.
Nitrogenous underfeeding (LN-HE) was accompanied by a decrease in the Ins:GH ratio, as was energetic underfeeding. In addition, LN-HE induced higher average plasma TAA, His, Ile, and Thr concentrations than the reference diet (HN-HE) . Thus, a more likely explanation is that, although it was larger in energy-deficient cows, the mobilization Acetate, mEq/L P < .05 NS NS P < .005 P < .0001 NS P < .10 P < .10 P < .0005 NS P < .05
Butyrate, mEq/L P < .001 P < .05 NS P < .0001 P < .0001 P < .05 P < .005 P < .05 P < .0005 NS P < .001
Propionate, mEq/L P < .005 NS P < .10 P < .0001 P < .0001 P < .05 P < .001 Glucose, mg/100 mL NS P < .005 P < .0001 P < .0001 P < .01 NS P < .01
Insulin, mU/mL P < .001 P < .0001 P < .005 P < .005 P < .001 P < .0005 P < .0001 P < .005 NS NS P < .05
GH, ng/mL P < .001 P < .05 P < .001 P < .0001 P < .0001 NS P < .01 P < .0001 P < .0001 NS P < .0005 P < .005
Ins/GH e P < .001 NS NS P < .005 P < .0001 P < .0005 P < .005 NS P < .0005 NS P < .005
Amount of 3-methylhistidine excreted, f mmol/2 h P < .0001 P < .0001 P < .0005 P < .005 P < .0001 P < .0001 NS NS P < .0001 P < .005 NS P < .05 Figure 2 . Continuous time course of the plasma insulin to growth hormone ratio in four Friesian nonpregnant, nonlactating cows fed twice daily before short-term feed deprivation. The arrows indicate feeding time (0615 and 1530). LN-LE: nitrogenous and energetic underfeeding; LN-HE: nitrogenous underfeeding; HN-LE: energetic underfeeding; HN-HE: nitrogenous and energetic overfeeding.
of body protein reserves also occurred in nitrogendeficient cows and might have concerned protein reserves other than muscle (i.e., skin, liver, plasma, and gastrointestinal tract). But, as in the present experiment, nitrogenous underfeeding was previously reported to induce a decrease in urinary N excretion (Ndibualonji, 1995) and in plasma urea and ruminal ammonia levels (Dehareng et al., 1996) , and an increase in duodenal endogenous N supply . The N-saving phenomenon associated with an enhanced endogenous N recycling may partly explain the lower mobilization of body protein reserves in the nitrogen-deficient cows. Indeed, cows fed the LN-HE diet did not significantly lose body weight.
Whether it was accompanied by a reduction in energetic supplies (LN-LE) or not (LN-HE), nitrogenous restriction induced a decrease in mean plasma glucose, and circulating insulin concentrations were maintained at high levels with the LN-HE diet. Consequently, and contrary to results for animals fed restricted amounts of energy, the observed decrease in Ins:GH ratio was mainly due to the increase in circulating GH concentrations. Such an increase in plasma GH during nitrogenous restriction was presumably a consequence of hypoglycemia, because McAtee and Trenkle (1971a) with cattle and Trenkle (1971) with sheep reported that a decreasing level of blood glucose is a stimulus for GH secretion. One mechanism by which GH coordinates metabolism is by altering tissue response to homeostatic signals such as insulin (Ndibualonji and Godeau, 1993) . Thus, Cisse et al. (1991) with cattle and Dunshea et al. (1992) with pigs proposed that an increase in circulating GH decreases insulin sensitivity of some peripheral tissues. In addition, hepatic response to insulin may be decreased, resulting in a decrease in the inhibiting effects of insulin on rates of gluconeogenesis.
With regard to the 42-h patterns of metabolites and hormones, concentrations were significantly affected by the time of sampling, but only slightly by the dietary nitrogen and(or) energy intake. As compared with both interprandial periods, the two postprandial periods had lower Pl MeHis and Ur MeHis, indicating a decreased rate of protein degradation in skeletal muscle possibly due to a greater Ins:GH ratio in connection with ruminal VFA absorption (Ndibualonji, 1995) . In agreement with our previous results on the time course of plasma insulin concentration , Ins:GH ratio tended to increase at least 20 min before the start of the morning meal with all diets. Although it is well established that an increase in the gastrointestinal hormones (secretin and cholecystokinin-pancreozymin) resulting from passage of feed in the intestine positively influences the postprandial increase in plasma insulin (Trenkle, 1978) , an anticipatory vagal reflex mechanism has been proposed by Bassett (1975) to initiate the secretion of gastrin, which in turn initiates the secretion of insulin. This anticipatory increase in plasma insulin would seem appropriate in preparing the tissues for an influx of nutrients and thus minimizing the postprandial disturbance of homeostasis (Bassett, 1975) . Furthermore, plasma insulin concentrations were higher after the morning than after the afternoon meal. This difference seems difficult to explain at present. However, the eating duration was significantly shorter during the morning than during the afternoon meal with HN-LE and HN-HE (data not shown). Thus, as reported for sheep by Bassett (1974) , such a high rate of feed ingestion over a short period might have induced large changes in the rate of digesta flow during the first 6 h following feeding, resulting in an enhanced secretion of gastrointestinal hormones and thereby indirectly in stimulation of insulin secretion. The postprandial increase in ruminal acetate and propionate concentrations was often preceded by a slight decrease, which may be attributable to a dilution effect resulting from increased water consumption and insalivation with feeding (Argyle and Baldwin, 1988) .
Compared with both postprandial periods, the nocturnal interprandial period led to a lower Ins:GH ratio. This might result from a fall in energy availability because during that period average ruminal acetate, butyrate, and total VFA decreased. There is no doubt that in twice-daily fed cows, an energy deficit occurs during the nocturnal interprandial period, and the cows respond by decreasing Ins:GH ratio. The catabolism rates of labile protein reserves might in turn increase, as evidenced by the significant increase in Ur MeHis and plasma MeHis, Asp, His, Ile, Met, and TAA. The above observations once again demonstrate that major changes in metabolite and hormone levels during the day in twice-daily fed cows are related to the nocturnal interprandial period (Hove and Blom, 1973; Mackenzie et al., 1988; Ndibualonji et al., 1995; Dehareng et al., 1996) . Normoglycemia was maintained during the night despite a shortage in propionate, likely as a result of low Ins:GH ratio, which favors gluconeogenesis from AA (proteolysis) and glycerol (lipolysis; Ndibualonji and Godeau, 1993) .
When compared with the two postprandial periods, the diurnal interprandial period exhibited little changes in metabolite and hormone concentrations (e.g., ruminal VFA and Ins:GH ratio were not altered). From the evidence, it seems that, unlike the nocturnal interprandial period (duration ±8 h ) , the diurnal period was too short (duration ±4 h ) to induce a marked energy deficit. Indeed, ruminal VFA, glycemia, insulinemia, and Ins:GH ratio were lower and plasma MeHis and TAA were higher during the nocturnal interprandial period than during the diurnal one. The simultaneous observations made on ruminal ammonia, plasma urea, and renal function in the present experiment also support this evidence; when compared with the diurnal interprandial period, the nocturnal period induced an increase in ruminal ammonia and plasma urea, without marked variations in kidney filtration functions (Dehareng et al., 1996) . Those workers proposed that the increase in plasma urea overnight was mainly due to an increased rate of body protein catabolism and that the increase in ruminal ammonia resulted from the urea transfer from blood into the rumen. Furthermore, when the afternoon meal of twice-daily fed cows (0615 and Figure 5 . Continuous time course of plasma total free amino acids (sum of aspartate, glutamate, histidine, isoleucine, methionine, and threonine) concentration in four Friesian nonpregnant, nonlactating cows fed twice daily before short-term feed deprivation. The arrows indicate feeding time (0615 and 1530). LN-LE: nitrogenous and energetic underfeeding; LN-HE: nitrogenous underfeeding; HN-LE: energetic underfeeding; HN-HE: nitrogenous and energetic overfeeding.
1530) was displaced from 1530 to 1830 (Godeau et al., 1987) or 2100 (Dehareng and Godeau, 1988) , the changes observed in ruminal ammonia levels during the diurnal interprandial period were of the same magnitude as those observed during the nocturnal one. Clearly, those observations suggest that the time from the last meal, rather than the photoperiod, influences the patterns of metabolite and hormone concentrations in nonpregnant, nonlactating cattle. In connection with the latter, the changes in metabolites and hormones observed during the first feed deprivation period (1600 to 2200 on d 27) followed overall the same patterns as those observed during the nocturnal interprandial period with all diets. On the basis of such a similarity, the nocturnal interprandial period may thus be considered as short-term feed deprivation.
Although feeding frequency experiments were not conducted in our study, previous observations suggest that increasing feeding frequency may reduce the nocturnal energy deficit and the subsequent body protein stores mobilization in confined ruminants. Ruiz et al. (1989) demonstrated with sheep that fourtimes-daily feeding improved N retention and reduced the diurnal variations of all ruminal variables compared with one-time feeding. Ulyatt et al. (1984) suggested that the improvement in N retention associated with increased feeding frequency is due to a more efficient tissue utilization of N. Our results, however, suggest that this may partially be a result of a decrease in muscle protein catabolism during the night. Moreover, in an analysis of 15 published reports on the effects of feeding frequency on cattle, Gibson (1981) reported that increased feeding frequency improved average daily gain and growth by 16 and 18%, respectively, with these improvements being largely due to improvements in efficiency of feed utilization. Gibson (1981) concluded that cattle should be fed at least four times daily to ensure maximum food efficiency for growth. Finally, Sutton et al. (1988) observed that when lactating cows were fed in two equal meals per day (0600 and 1430), as in our study, concentrations of ruminal VFA and plasma insulin increased after both meals, whereas those of plasma glucose and GH tended to fall. With twicedaily feeding, Sutton et al. (1988) also observed an increase in plasma NEFA overnight, confirming an energy deficit during the nocturnal interprandial period. In contrast, when cows were fed hay in two equal meals (0600 and 1645) and concentrates every 4 h in six equal portions starting at 0630, concentrations of ruminal VFA and plasma insulin and NEFA remained relatively constant over the day.
Whatever the dietary level before feed deprivation, the largest changes in metabolite and hormone concentrations were observed during the second period without feed. Thus, even when compared with the nocturnal interprandial period and the first period without feed, the second feed deprivation period (16 h after the beginning of the last meal) still continued to decrease ruminal acetate, butyrate, propionate, and total VFA, and Ins:GH ratio, as well as to increase Ur MeHis, Pl MeHis, and TAA. These results indicate that, whatever the nitrogenous and(or) energetic supplies of the diet, a large energy deficit occurs 16 h after the beginning of the last meal. They also confirm the results obtained for sheep receiving three markedly different diets for 30 d (Bouchat et al., 1981) . However, when compared with the last postprandial period (0600 to 1200 on d 27), glycemia levels of the second feed deprivation period were not altered despite a shortage in ruminal propionate, as during the nocturnal interprandial period. This maintenance of glycemia was presumably due to gluconeogenesis from some AA coupled with glucose sparing action due to utilization of free fatty acids and ketone bodies as energy substrates (Bouchat et al., 1981) . It could be that some of the AA released from body proteins were utilized in a manner that results in a prolonged availability of gluconeogenic precursors so the animal can synthesize glucose over long intervals.
The Pl MeHis followed the same patterns as Ur MeHis. If Pl MeHis is an intermediate between myofibrillar protein-bound MeHis and Ur MeHis, the presents results suggest that Pl MeHis concentration may be used to estimate the degradation rate of muscle proteins in cattle. This agrees with Nagasawa et al. (1993) who demonstrated with feed deprived goats that Pl MeHis, along with Ur MeHis, is a valid index of muscle proteolysis in this species.
In conclusion, the results reported in the present study indicate that 1 ) in twice-daily-fed cows, the energy deficit occurring during underfeeding and the subsequent endogenous protein mobilization are larger in energy-restricted than in nitrogen-restricted cows; 2 ) whatever the nitrogenous and(or) the energetic supplies of the diet, the time from the last meal is the main trigger for within-day changes in metabolite and hormone concentrations, the energy deficit becoming large 16 h after the beginning of the last meal; 3 ) during underfeeding, the nocturnal interprandial period, and short-term feed deprivation, VFA supplies from the rumen are reduced, and twicedaily-fed cows adapt to the three situations in the same manner by reducing the Ins:GH ratio, resulting in an enhanced body protein mobilization for oxidation and gluconeogenesis purposes.
Implications
In the present study with twice-daily fed (0615 and 1530) and short-term feed-deprived nonpregnant, nonlactating cows, the energetic level of the diet was the main trigger for muscle protein mobilization. In addition, changes in metabolite and hormone patterns were related to the time from the last meal. The nocturnal interprandial period and 16 h without feed induced an energy deficit, even during overfeeding. The cows responded by increasing endogenous protein catabolism. Such a phenomenon may partially account for the improvement in nitrogen retention, average daily gain, and growth that occur with increased feeding frequency.
